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Inherited and acquired disorders of the liver are at- 
tractive targets for gene therapy. Hepatic cells are sus- 
ceptible targets for shuttle vectors because of a diver- 
sity of protein and viral receptors and accessibility of a 
selective afferent blood supply. Preservation of exist- 
ing hepatic cell integrity and metabolic function is of 
paramount importance for successful whole animal 
gene therapy trials. In this report, we examine hepatic 
cell function and integrity following adeno virus-medi- 
ated reporter gene transfer to the liver in vivo. El -de- 
leted, replication- defective adenovectors encoding the 
LacZ gene driven by the human CMV promoter were 
delivered to the liver by isolated portal perfusion. The 
gene transfer rate* as determined by specific histo- 
chemical staining, approached 30% with recombinant 
protein detectable by Western blot throughout the 
course of study. Hepatic cell integrity as assessed by 
histology and hepatic enzyme profile (serum aspartate 
aminotransferase, 7- glutamyl transpeptidase) demon- 
strated normal cellular architecture and no significant 
, difference between trans feet ed liver and controls. He- 
patic synthetic and metabolic function, as determined 
by albumin levels, prothrombin time, and bilirubin, 
were similar between the two study groups. This study 
demonstrates that efficient adenovirus- mediated gene 
transfer and expression in the rat liver do not compro- 
mise hepatic cell metabolism and integrity, © Aca- 
demic ?n«, Inc. 



INTRODUCTION 

The principal goal of liver-directed gene therapy is the 
introduction of functional genes into hepatic cells to cor- 
rect genetic deficiencies or alter a pathologic process. 
Current methods of recombinant gene delivery to liver 
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Cancer Society Institutional Grant to the Jonsson Cancer Center/ 
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cells utilize protein-DNA complexes [1] or replication- 
defective viral particles [2]. Compared to other vectors, 
replication-defective adenoviruses are highly attractive 
for hepatic gene therapy because (a) high purity concen- 
trates of adenovirus vectors may allow high multiplicity 
of infection (rn.o.i.) in vivo, (b) the shuttle vector can 
insert DNA sequences into hepatic cells regardless of the 
organ's physiologic state (Le., quiescent or regenerat- 
ing), and (c) specific serotypes are highly hepatotropic 
[3 -4 J and rapidly endocytosed by eukaryotic cells [5]. 
Few whole animal studies have described the use of ade- 
noviral vectors for genetic lesions of the liver, although 
reports describing regional and systemic administration 
of adenoviral vectors have demonstrated hepatic expres- 
sion of recombinant genes for variable duration [6-8]. 
These studies suggest wide variability of persistence and 
expression within targeted cells. Preservation of existing 
hepatic cell integrity and metabolic function is of para- 
mount importance for successful whole animal gene 
therapy trials. However, it is still unclear whether ade- 
novirai-mediated gene expression in levels sufficient for 
therapeutic efficacy is injurious to normal metabolic and 
synthetic function of the organ. 

In the current study, we examined liver function and 
markers of cell injury following adenovirus- mediated 
gene transfer in a sham model of orthotopic liver trans- 
plantation. High-titer adenovectors encoding the LacZ 
gene were delivered selectively to the rat liver via iso- 
lated portal perfusion. Liver enzymes and histology were 
examined for evidence of hepatic injury, and standard 
assays for liver protein synthesis were measured in par- 
allel to recombinant protein levels. 

METHODS 

Viral vectors. The adenoviral vector AdHCMVspl- 
LacZ contains an expression cassette encoding the Esch- 
erichia coli jS-galactosidase gene (LacZ) under control of 
the human immediate early CMV promoter upstream of 
a polyadenylation signal. Because the expression cas- 
sette replaces the entire viral El a region and most of the 
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Elb region (early viral proteins), this vector is replica- 
tion-defective. The virus vectors are able to replicate 
only in 293 cells, a human embryonic kidney line which 
contains the Ad El region in chromosomal DNA and 
constitutive ly expresses the missing El proteins. Viral 
stocks are prepared by vector infection of 293 cells and 
yields are defined by plaque assays and expressed as 
plaque forming units (PFU). In the current study, a viral 
titer of 5 X 10 d PFU/ml was used exclusively. 

In situ liver perfusion, Male Lewis rats weighing 
250-300 g were used. After induction of anesthesia, the 
abdomen was entered through a broad transverse inci- 
sion. The right adrenal, coronary, and gastroduodenal 
veins were ligated. The liver was temporarily excluded 
from the circulation by clamping the portal vein, hepatic 
artery, and suprahepatic and infrahepatic vena cava. 
The liver was asanguinously perfused by portal vein can- 
nulation at 2.5 ml/min with 25 ml at 4°C. Effluent was 
collected from a cannula in the infrahepatic vena cava. 
Perfusion time (cold ischemic time) was held constant 
at 10 min and vessels were repaired primarily, followed 
by reperfusion of the organ with blood. 

Study groups and experimental design. An imals were 
grouped as follows: Group 1, negative controls (n = 24), 
were perfused with 25 ml of lactated Ringer's (LR); 
Group 2 livers (n = 24) were perfused with 5 X 10 9 PFU 
AdHCMVsplLacZ in LR, To document gene transfer 
and expression, vector DNA, LacZ transcription, and re- 
combinant 0-galactosidase production were assayed 
from liver biopsies. Animals were sacrificed at 1, 3, 5, and 
7 days after operation [n — 6 per day). 

Liver function tests. To assess the integrity of he- 
patic synthetic function and the extent of cellular injury 
following gene transfer, standard liver enzyme profiles 
were measured from 1-ml aliquots of arterial blood 
prior to exsanguination.*A clinical veterinary laboratory 
assayed for rat serum aspartate aminotransferase 
(SGOT), 7-glutamyl transpeptidase (GGT), prothrom- 
bin time (PT), albumin, and bilirubin. 

Histology, Liver biopsies obtained over the specified 
intervals were rinsed in phosphate-buffered saline and 
then frozen in liquid nitrogen. Cryostat sections (8 /*m) 
were cut onto glass slides. To determine infection rate, 
freshly mounted slides were immersed in 1.25% glutar- 
aldehyde for 10 min, and then incubated for 4 hr at 37°C 
in X-gai staining solution: 5 mAf K 4 Fe(CN) 8 , 5 mM 
K 3 Fe(CN) 6 , 2 mM MgCl 2 , and 2 /ig/ml of X-gal (5- 
bromo-4-chloro-indolyl-i?-D-galactopyranoside, Boeh- 
ringer Mannheim, Indianapolis, IN). Cells expressing 0- 
galactosidase cleave colorless X-gal to yield a blue chro- 
mophore in the cytoplasm. Representative areas were 
scored for percentage of infected (blue-staining) cells at 
10X and 40X magnification by an observer unaware of 
the experimental conditions. Slides were counterstained 
with hematoxylin and eosin or eosin alone; liver archi- 



tecture and inflammation were assessed by an experi- 
enced pathologist. 

DNA/RNA polymerase chain reaction. Successful 
gene transfer was confirmed by the presence of adenovi- 
rus sequences within infected liver using the polymerase 
chain reaction (PGR). Flanking primers were designed 
to detect a 535 -base -pair (bp) DNA sequence from the 
adenovirus E4 region (primer 1, CGCAGGGCCAGC- 
TGAAC; primer 2, GGCTTTATCGGGCCCC), down- 
stream from the LacZ gene, within infected animal vis- 
cera. Total liver DNA was extracted from homogenized 
biopsies using phenolchloroform followed by ethanot 
precipitation. One microgram of DNA was amplified by 
PCR in a total volume of 50 nl with 0.2 Af each of deox- 
ynucleoside triphosphate, 0.25 mAf of 5'- and 3 '-oligonu- 
cleotide LacZ primers, 50 mM KCI, 5 mAf Tris-Cl (pH 
8.3), 1.5 mAf MgCl 2 , and 2.5 U Too polymerase (Perkin- 
Elmer Cetus, Norwalk, CT). PCR was performed in a 
DNA thermal cycler (Perkin-Elmer) using the following 
amplification profile: 34 cycles of denaturing for 1 min at 
90°C, primer annealing at 60°C for 2 min, and extension 
at 72*C for 2 min. PCR products were separated by 1.2% 
agarose gel electrophoresis and stained with ethidium 
bromide. Positive controls for these experiments were 
viral -producing 293 cells. 

Total liver RNA was extracted by the one- step RNA- 
zol method [9]. Five micrograms of extracted total RNA 
was incubated twice -for 15 min at 37°C with 25 U 
RNase-free DNase I (Pharmacia) in 20 mJ of 40 mM 
Tris-HCl (pH 7.5), and 6 mM MgCl 2 . RNA was then 
extracted with chloroform and precipitated with ethanol 
in the presence of 100 ng dextran. One microgram of 
RNA was converted to cDNA using reverse tran- 
scriptase, then amplified by PCR, and electrophoresed 
as described above. The amplified DNA was transferred 
to nitrocellulose [10], hybridized with a 500-bp LacZ 
fragment labeled with [7- 32 P]-dCTP, and autoradio- 
graphed. Positive controls foT these experiments were 
RNA extracts from virion-producing 293 cells. Oligo- 
meric primers which flank an internal 1036-bp sequence 
of the LacZ gene were employed to demonstrate tran- 
scription of the transferred sequences (primer 1, GCC- 
GACCGCACGCCGCATCCAGC; primer 2, CGCCGC- 
GCCACTGGTGTGGGCC). E4 primers were used to 
detect viral message, indicative of replication-compe- 
tent adenovirus. 

Recombinant protein detection. Protein was ex- 
tracted from homogenized liver biopsies using 0.01 Af 
Tris, pH 7.6, 0.21 Af NaCl, 0.1 Af MgOAc, 0.1 AT tf-mer- 
captoethanol, and 0.001 M EDTA. Sample protein con- 
centrations were determined by a variation of Lowry's 
method [11]. Aliquots (1.5 pg) of protein were then elec- 
trophoresed in 10% SDS-PAGE and transferred to ni- 
trocellulose. After blocking for nonspecific binding with 
10% dry milk, the membrane was incubated with a pri- 
mary anti-E.coli-£-galactosidase monoclonal antibody 
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FIG. 1. Liver function tests revealed similar aspartate amino- 
transferase (SGOT) and •v-glutamyl transpeptidase (GGT) through- 
out the course of study in control and adenovtnis- perfused animals. 
GGT levels were consistently within normal limits. SGOT levels were 
high initially (normal range 97-281 IU/liter), reflecting ischemic or 
reperfusion injury to the liver. 



(mAb), washed, and incubated with a secondary mAb 
conjugated to horseradish peroxidase. Pure recombinant 
£-galactosidase (Sigma) was used as a positive control. 

Statistical methods. Results of liver function tests 
were expressed as the mean ± standard error of the 
mean. Group comparisons were performed by Student's 
t test. Differences were considered significant at P < 
0.05. Statistical analysis was performed using the Stat- 
View II program. 

RESULTS 

Liver function tests. Ischemic and preservation inju- 
ries after liver transplantation are well-correlated with 
serum aspartate aminotransferase levels, as well as ele- 
vation of total and nonconjugated bilirubin. In t his study 
total and conjugated bilirubin were within normal range 
in control and transfected livers (0.2-0.4 mg/dl, P « 
0.46) throughout the study period. In addition, there was 
no evidence of bile duct injury as reflected by GGT levels 
(Fig. 1). In contrast, SGOT values measured in Groups 
1 and 2 were similarly elevated to twice normal at 24 hr 
following in situ perfusion, but returned to the normal 
range (97-281 IU/liter) by Postoperative Day 5 (Fig. 1). 
We postulate that this initial SGOT elevation may be 
reflective of surgical damage occurring during mobiliza- 
tion of the liver prior to perfusion, as well as ischemic 
injury during and immediately after reperfusion. To test 



whether such injury resulted in interference with the 
functional capacity of the liver, synthetic liver function 
was assayed. Prothrombin time in the transfected and 
control groups was slightly increased in the first 5 days 
after perfusion, but remained within the normal range 
throughout the course of study (21-25 sec, P = 0.4) (Fig. 
2). Long-term survivors have also demonstrated normal 
coagulation parameters. Albumin levels were also nor- 
mal between groups immediately after surgery and at 
each time point up to Day 7 (Fig. 2), A slightly lower 
albumin level was detected in Group 2 animals on Post- 
operative Day 7, but this difference was not statistically 
significant. These results also suggest that, despite effi- 
cient infection rate and recombinant protein synthesis 
(see below), native liver protein production was not 
affected. 

Histology. At the time of sacrifice, transfected and 
control livers appeared grossly normal. No clinical find- 
ings of liver dysfunction were evident at the time of sac- 
rifice, such as ascites, splanchnic venous congestion, or 
hepatic venous congestion. Liver biopsies stained with 
hematoxylin and eosin revealed intact liver architecture 
in infected animals, indistinguishable from normal con- 
trols. No cellular infiltrates were observed in infected or 
control livers throughout the course of study. There was 
no parenchymal cell ballooning or rounding characteris- 
tic of a lytic infection in AdHCMVsplLacZ-infected or 
control sections. 

X-gal staining revealed pockets of blue hepatocytes 
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FIG. 2. Markers of hepatic synthetic function revealed norma) 
prothrombin times (PT> in both study and adenovirus-perfused ani- 
mals throughout the course of study. (Normal rat PT is 21-25 Kec). 
Similarly, albumin levels were normal throughout in both groups (nor- 
mal range 2.4-4.2 g/ liter), with no difference between groups. 





«iA X* tt Sfe55S° 1 ?, 0f ^ Vef ^ J!.* 8acrificed on Postoperative Pay l. stained with eosin and X-gal. Control livers did not stain 

Trlt'fS ^ AdHCMVsplLacZ-perfused liver contained diffuse bhie-staining. with 30% of hepatocytes demonstrating the recombinant 
protein (a). Staining was particularly concentrated in zones 1 and 2. 



approaching 30% of cells under low (10X) and high 
(40X) magnification 24 hr after operation (Fig. 3a). 
Stained parenchymal cells, found only in AdHCMV- 
splLacZ-perfused livers, elicited a blue chromophore ex- 
clusively in the cytoplasm. Blue-stained liver cell cords 
were dispersed throughout the acinar inlet, predomi- 
nantly in zones 1 and 2. In contrast, a relative scarcity of 
blue parenchyma! cells was seen around the portal triads 
or hepatic veins. Liver biopsies of control (LB-perfused) 
animals did not stain blue with X-gal (Fig. 3b). The re- 
sults demonstrate that adenovirus vectors delivered via 
portal vein predominantly transfect hepatocytes, with 
gene transfer concentrated at parenchymal cells within 
the centrilobular zones. Using these methods, it was im- 
possible to determine infection rate of nonparenchymal 



cells. Future studies with in situ hybridization as well 
as FACS analysis will assist in identifying infected cell 
subpopulations. 

DNA/RNA/protein analyses. Neither adenovirus nor 
0-galactosidase sequences were detected by DNA PCR 
in Group 1 samples (negative control). By contrast, pos- 
itive control 293 cells and livers perfused with Ad- 
HCMVsplLacZ manifested E4 sequences, confirming 
gene transfer by replication-defective adenovirus. The 
presence of E4 sequences up to 7 days after gene transfer 
correlated with X-gal staining. DNA from lung, spleen, 
and muscle in Group 2 animals did not contain detect- 
able levels of adenoviral sequences, confirming specific 
localization of gene transfer to liver after isolated perfu- 
sion. 
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FIG. 4. RNA PCR revealed a characteristic band at 1036 bp for 
LacZ sequences in AdHCMVsplLacZ- infected livers (POD 1-lane I, 
POD 7- lane 2) and 293 cells (positive control , lane 4), but not saline 
perfused livers (lane 3). In contrast, adenoviral E4 sequences (535 bp), 
indicating viral RNA production, were present only in the vector*pro- 
ducing cells (293 cells, lane 6), but not in AdHCMVsplLacZ-infected 
(POD 1-Iane 7. POD 7-lsne 3) or saline perfused bvers (lane 9). 



Expression of both £-galactosidase and the E4 region 
was detected in RNA isolates from infected 293 cells, 
confirming transcription of both the 0-galactosidase 
gene and the early viral proteins in 293 cells. Liver RNA 
from LR-perfused animals {Group 1) had no detectable 
levels of either adenoviral or LacZ RNA. Liver speci- 
mens from Group 2 had transcripts specific for £-galac- 
tosidase as early as 24 hr after gene transfer and up to 
7 days postoperatively (Figs. 4-5). Liver perfused with 
AdHCMVsplLacZ did not express E4 transcripts, veri- 
fying the absence of replication -competent, wild-type 
adenovirus expression (data not shown)- 

Recombinant protein production in AdHCMVspl- 
LacZ-perfused liver was assessed by Western blotting. 
Protein extracts from AdHCMVsplLacZ-infected liver 
(Group 2) contained a 110-kDa protein comigrating with 
purified recombinant E. coli /?-galactosidase (Fig. 5). 
Negative controls (Group 1) expressed no £-gaL 

CONCLUSION 

The application of gene therapy to hereditary and ac- 
quired liver disorders in whole animal models is the fo- 




FIG. 5. Southern blot of reverse transcriptase PCR shows hybrid- 
ization of [Y- w PJdCTP-labe!ed LacZ probe to AdHCMVsptUcZ-in- 
fec ted livers (POD 1-lane 1, POD 7-lane 2) and 293 cells (positive con- 
trol, hine 4>, but not saline perfused livers (lane 3>- 
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FIG, 6. Western blot from AdHCMVsplLacZ-perfused livers 
demonstrated a 110-kDa (£-gal) band, comigrating with pure 0-gal 
(lane IK Lane 2, LR-perfused liver (negative control); lanes 3 and 4, 
adenoviral vector-perfused livers, POD 1 and 7. 

cus of considerable attention. Replication-defective vi- 
ruses are useful instruments for mediating gene transfer 
to organs in vivo because of their natural tropism for 
mammalian cells and because they can be rendered rep- 
lication-defective and thus nonpathogenic. A rising in- 
terest in human adenoviruses as vectors for in vivo liver- 
directed gene therapy has developed for several reasons, 
including serotype tropism for hepatic cells, efficient in- 
fection of nondividing cells (i.e., hepatocytes), and rela- 
tive stability and amenability to purification and con- 
centration. These characteristics have permitted inves- 
tigators to explore methodologic and therapeutic studies 
using adenoviral vectors for liver disease in whole ani- 
mal models. 

The method of gene transfer described in this study, 
using portal perfusion, resulted in efficient targeting, 
with expression of recombinant protein in at least 30% 
of liver cells. A previous study describing bolus injection 
of 1 X 10 10 adeno vectors encoding human a-1 antitrypsin 
and j3-galactosidase cDNA into rat portal vein resulted 
in a 1% infection rate [7], In another study, however, 
when mice were given systemic administration of 5 X 
20 s adenovectors, functional expression of the inserted 
cDNA was localized to 90% of the liver cells and lasted 
for 15 months [8 J. Interestingly, only in the murine 
model was an inflammatory infiltrate noted in liver after 
gene transfer. 

The present study affords ample histologic evidence 
that hepatocytes are the primary targets of adenoviral 
vectors in vivo. A distinct hepatocyte population appears 
to be susceptible by portal vein delivery; that is, hepato- 
cytes located around the acinar inlet. These cells are sit- 
uated within geometrically tortuous sinusoids which fa- 
vor solute uptake and cell contact [15], We are not able 
to exclude that nonparenchymal hepatic endothelial 
cells are also infected and express the recombinant gene 
product at lower levels. Further studies will address this 
issue. 

Liver injury by adenovirus-mediated gene transfer 
may be mediated by several mechanisms. Following ad- 
enovirus translocation into the cell cytoplasm by recep- 
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tor-mediated endocytosis, lysosomal fusion with the en- 
dosome-botmd virus is disrupted by the virai penton fi- 
ber, thereby permitting adenovirus DNA entry into the 
nucleus [16]. This process might induce hepatocyte 
damage. In addition, excessive shunting of cell ma- 
chinery to transcribe vector sequences may compromise 
housekeeping functions of the hepatocyte. The ability of 
adenovectors to direct high level expression is reflective 
of promoter strength and the number of viral copies per 
cell. The relatively strong promoter in our viral con- 
struct (human immediate early CMV) can direct up to 
3% of cell protein production toward recombinant gene 
expression in tissue culture [17]. In the present study, 
however, serum enzyme markers characteristic of he- 
patic cell injury were not significantly elevated over con- 
trol values. Hepatocellular synthetic function of the 
transfected livers was comparable to control samples. 
Metabolic indicators of liver function such as bilirubin 
conjugation and secretion were also unperturbed despite 
significant intracellular deposits of £-galactosidase. Our 
model used a ra.o.i. of 5:1 (5 X 10 9 viral particles for ap- 
proximately 1 X 10 9 hepatocytes): This relatively low 
m.o.i. probably accounts, in part, for the laboratory pat- 
terns of preserved hepatocellular function. At multiplic- 
ities of infection greater than 50:1, we have observed he- 
patic necrosis, ascites, and liver failure in a similar 
model 114]. 

In conclusion, replication- defective adenoviruses are 
capable of efficient genetic modulation of organs, such 
as the rat liver, without compromising normal cellular 
pathways, when used at appropriate multiplicities of in- 
fection. In animals, the precise levels of recombinant 
protein required for adequate therapeutic benefit have 
yet to be determined for any pathologic state. The ade- 
novirus system may currently be ideally suited for in situ 
gene therapy, but further studies are required to assure 
efficacy and lack of pathogenicity in different species, 
and to determine whether prior exposure to adenovi- 
ruses affect trans feet ion and/or damage of the targeted 
liver. 
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